Abstract: A feasibility analysis, to assess the suitability of converting the biogas produced in an existing anaerobic digestion plant to bio-methane, was carried out. The case study plant was equipped with a micro-gas turbine co-generator. Several upgrading systems of different sizes were considered, to determine the most suitable configuration from a thermodynamic and economic point of view. For this purpose, a model of the whole plant that included digesters, a micro-gas turbine, a sludge line, heat transfer loops, and heat exchangers was developed. A steady-state simulation was performed by using the daily average conditions for the one-year long operation of the plant. The results highlighted that the feasibility depended on the amount of bio-methane produced, as this affected the performance of the cogeneration system and the balance between the costs and revenues. When large amounts of biogas are upgraded to bio-methane, the heat provided by the micro-gas turbine during the winter season is not sufficient to keep the digesters at the desired temperature and, therefore, natural gas integration is necessary. In addition, by increasing the upgrading unit size, the amount of electric energy purchased by the grid increases accordingly. An economic analysis showed that the optimal upgrading system size was strongly dependent on the bio-methane selling price.
Introduction
To reduce fossil fuel consumption, the EU's Renewable Energy Directive has set a binding target that 20% of the total energy consumption has to come from renewable sources and has also stipulated that at least 10% of transport fuel has to come from renewable sources by 2020 [1] . In 2015, 650 PJ of biogas was produced in the EU, while in Germany, biogas represented 12% of the national natural gas consumption [2] . Besides the production from agricultural and livestock breeding residues, methane-rich biogas can be produced from the co-digestion of sewage from wastewater treatment plants and from organic municipal waste [3] [4] [5] [6] [7] . Biogas is generally used in cogeneration units to produce electricity and heat [8, 9] . Internal combustion engines (ICE) [10] or micro-gas turbines (mGT) [11] are generally employed for this purpose. The heat produced is mainly used to keep the digester at the correct temperature, which is around 37 • C if mesophilic digestion takes place [12, 13] , or more than 50 • C if thermophilic digestion occurs [13, 14] ). The heat surplus may be dissipated or used in secondary users. In the literature, many authors propose solutions to limit the thermal loss of operate with a Capstone C200 micro-gas turbine (mGT), fueled with biogas from the digesters and serving as a cogeneration unit to cover the thermal and electrical energy needs of the plant. Due to the recent opportunity to produce bio-methane, a purification and upgrading system was also considered, to convert a portion of biogas into bio-methane. As a reference upgrading unit, the bio-methane produced by GreenMethane and based on the absorption of CO 2 in a hot solution of water and potassium carbonate was c onsidered [31] . To improve the solubility of CO 2 and accelerate its separation from the biogas, the system operates at 120 • C and, therefore, requires thermal energy. It also requires electrical energy to circulate the solution and compress the biogas up to 8 barA. According to the manufacturer's data, the upgrading system requires 0.2 kWh el /Nm 3 and 0.59 kWh th /Nm 3 of treated biogas. About 75% of the heat required during the CO 2 absorption is available at a temperature of 80 • C during the solution regeneration and thus, may be used for sludge-heating. The scheme of the system, including the upgrading system, is reported in Figure 1 . serving as a cogeneration unit to cover the thermal and electrical energy needs of the plant. Due to the recent opportunity to produce bio-methane, a purification and upgrading system was also considered, to convert a portion of biogas into bio-methane. As a reference upgrading unit, the biomethane produced by GreenMethane and based on the absorption of CO2 in a hot solution of water and potassium carbonate was c onsidered [31] . To improve the solubility of CO2 and accelerate its separation from the biogas, the system operates at 120 °C and, therefore, requires thermal energy. It also requires electrical energy to circulate the solution and compress the biogas up to 8 barA.
According to the manufacturer's data, the upgrading system requires 0.2 kWhel/Nm 3 and 0.59 kWhth/Nm 3 of treated biogas. About 75% of the heat required during the CO2 absorption is available at a temperature of 80 °C during the solution regeneration and thus, may be used for sludge-heating. The scheme of the system, including the upgrading system, is reported in Figure 1 . The sludge is pumped into the plant and through a regenerator, which recovers thermal energy from the exhaust digestate before its disposal. After the regenerator, the sludge is mixed with a recirculating mass flow rate from the anaerobic digesters (recirculation ratio of 23:1) and then enters the heating section. This section is made up of two heat exchangers: The first one (HE1) takes advantage of the thermal power recovered from the upgrading system, while the second one (HE2) exploits the thermal power recovered from the micro-gas turbine. After being heated up at the digestion temperature (37 °C), the sludge flows to the digesters. After the digestion process, digestate flows into the regenerator to provide useful heat to the sludge entering the plant and then is discharged. Biogas is stored in a gasometer and, after a cleaning station to remove H2S, is sent partly to the micro-gas turbine (mGT) for power and heat production and partly to the upgrading system for CO2 removal. The mGT exhaust gas flows firstly into a heat exchanger, to provide heat to the upgrading system (HE4), and then into a second heat exchanger (HE3), to provide thermal power to the sludge. A diverter is used to regulate the heat transfer with the sludge, thus keeping the temperature of digestion constantly at 37 °C. A cooler is also included in the plant, in case the power recovered from the upgrading systems is greater than that required by the sludge. An auxiliary boiler on the sludge-heating circuit is used to provide energy during days when the thermal requirement of the sludge is high and the thermal power from the mGT is not sufficient to keep its temperature. The boiler is fueled by natural gas. The choice of fueling the boiler with natural gas, rather than with biogas, is justified from both an economic and a technical point of The sludge is pumped into the plant and through a regenerator, which recovers thermal energy from the exhaust digestate before its disposal. After the regenerator, the sludge is mixed with a recirculating mass flow rate from the anaerobic digesters (recirculation ratio of 23:1) and then enters the heating section. This section is made up of two heat exchangers: The first one (HE1) takes advantage of the thermal power recovered from the upgrading system, while the second one (HE2) exploits the thermal power recovered from the micro-gas turbine. After being heated up at the digestion temperature (37 • C), the sludge flows to the digesters.
After the digestion process, digestate flows into the regenerator to provide useful heat to the sludge entering the plant and then is discharged. Biogas is stored in a gasometer and, after a cleaning station to remove H 2 S, is sent partly to the micro-gas turbine (mGT) for power and heat production and partly to the upgrading system for CO 2 removal. The mGT exhaust gas flows firstly into a heat exchanger, to provide heat to the upgrading system (HE4), and then into a second heat exchanger (HE3), to provide thermal power to the sludge. A diverter is used to regulate the heat transfer with the sludge, thus keeping the temperature of digestion constantly at 37 • C. A cooler is also included in the plant, in case the power recovered from the upgrading systems is greater than that required by the sludge. An auxiliary boiler on the sludge-heating circuit is used to provide energy during days when the thermal requirement of the sludge is high and the thermal power from the mGT is not sufficient to keep its temperature. The boiler is fueled by natural gas. The choice of fueling the boiler with natural gas, rather than with biogas, is justified from both an economic and a technical point of view: The cost of natural gas is much lower than the price of bio-methane when injected into the grid, due to government incentives. In addition, this choice allows one to operate the upgrading system with a constant amount of biogas and, thus, at its design point. In this way, performance reductions, which may decrease the CO 2 removal capacity and increase the methane slip, are avoided. The plant has a certain consumption of electricity for the preparation and handling of organic waste and sewage. The reference daily load is reported in Figure 2 and was provided by the plant manager. This load does not include the consumption of the upgrading system (about 0.2 kWh/Nm 3 of biogas).
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Thermodynamic Analysis
The anaerobic digestion plant of Viareggio was made to operate with a C200 Capstone microgas turbine. The efficiency curve, as a function of the load, is reported in Figure 3a . The influence of ambient temperature on the micro-gas turbine power output and efficiency is shown in Figure 3b . The exhaust gas mass flow rate and temperature were also considered as functions of the load and ambient temperature and were provided by the micro-gas turbine manufacturer [32] . 
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Thermodynamic Analysis
The anaerobic digestion plant of Viareggio was made to operate with a C200 Capstone microgas turbine. The efficiency curve, as a function of the load, is reported in Figure 3a . The influence of ambient temperature on the micro-gas turbine power output and efficiency is shown in Figure 3b . The exhaust gas mass flow rate and temperature were also considered as functions of the load and ambient temperature and were provided by the micro-gas turbine manufacturer [32] . The daily average ambient temperature and sludge temperature in Viareggio were considered as reported in Figure 4 . The daily average ambient temperature and sludge temperature in Viareggio were considered as reported in Figure 4 . The first temperature was measured and averaged from [33] , whereas the second temperature was provided by the plant manager. The heat required to warm-up the sludge was estimated as:
where m is the mass flow rate of the sludge entering the plant, C is the specific heat of the sludge, T is the digestion temperature, and T is the temperature at the regenerator outlet. The total heat required by the digester was estimated by considering the thermal losses of the two digesters. Since the diameter of the digesters was much larger than the wall thickness, the flat wall approximation was used to calculate the overall heat transfer coefficient and the total heat exchanged with the external air and the ground:
where U is the overall heat transfer coefficient, A is the surface of the digester, T is the ambient temperature ( Figure 5 ), and T is the ground temperature (kept constant at 20 °C throughout the year). The subscripts w, t, and g refer to the lateral walls, the top, and the foundations of the two digesters, respectively. The total thermal power required by the digestion process is, therefore, the sum of the losses of thermal power and the thermal power required to heat the sludge: The first temperature was measured and averaged from [33] , whereas the second temperature was provided by the plant manager. The heat required to warm-up the sludge was estimated as:
where . m s is the mass flow rate of the sludge entering the plant, C p is the specific heat of the sludge, T d is the digestion temperature, and T r is the temperature at the regenerator outlet. The total heat required by the digester was estimated by considering the thermal losses of the two digesters. Since the diameter of the digesters was much larger than the wall thickness, the flat wall approximation was used to calculate the overall heat transfer coefficient and the total heat exchanged with the external air and the ground:
where U is the overall heat transfer coefficient, A is the surface of the digester, T a is the ambient temperature ( Figure 5 ), and T g is the ground temperature (kept constant at 20 • C throughout the year). The subscripts w, t, and g refer to the lateral walls, the top, and the foundations of the two digesters, respectively.
The daily average ambient temperature and sludge temperature in Viareggio were considered as reported in Figure 4 . The first temperature was measured and averaged from [33] , whereas the second temperature was provided by the plant manager. The heat required to warm-up the sludge was estimated as:
where U is the overall heat transfer coefficient, A is the surface of the digester, T is the ambient temperature ( Figure 5 ), and T is the ground temperature (kept constant at 20 °C throughout the year). The subscripts w, t, and g refer to the lateral walls, the top, and the foundations of the two digesters, respectively. The total thermal power required by the digestion process is, therefore, the sum of the losses of thermal power and the thermal power required to heat the sludge: The total thermal power required by the digestion process is, therefore, the sum of the losses of thermal power and the thermal power required to heat the sludge:
Obviously, the size of the sludge regenerator influences the amount of total thermal power required since it modifies the value of the temperature (T r ). In this study, a countercurrent shell and tube heat exchanger with a constant surface of 30 m 2 was used. All heat exchangers were simulated by taking into account the ε-NTU method for the estimation of off-design performance. The temperature at the regenerator outlet (T r ) was then estimated and Equation (1) was solved:
where T in,s is the sludge temperature at the plant inlet, ε is the efficacy of the heat exchanger (a function of NTU), and A r is the regenerator surface. For the auxiliary boiler, an efficiency curve from the literature was used ( Figure 6 ) to estimate the off-design performance [34] . Since the upgrading system is operated at a constant biogas mass flow rate, the nominal loads declared by the manufacturer were used.
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where T mGT is the exhaust gas temperature at the mGT outlet and T 0 is 20 • C. calculate the outlet temperature of the exhaust gas flowing in HE4 as a function of the heat required by the upgrading system. Then the amount of heat recovered by the upgrading system was estimated and the sludge outlet temperature from HE1 was calculated. A second iterative loop determined the amount of heat exchanged in HE3 to bring the sludge to the desired temperature by also considering the digesters' thermal losses. After the evaluation of these quantities, all the other variables were simply directly estimated by means of the explicit equation reported in this section. 
Economic Analysis
The economic analysis was carried out by using the micro-gas turbine, upgrading system, and heat exchanger costs. The mGT module cost was provided by the plant manager and a specific cost of about 1800 $/kW was used. The upgrading system cost was provided by the manufacturer and is about 1 M$ for a capacity of 170 Nm 3 /h. To scale this cost according to the capacity, a power law was adopted:
where C is the cost in the reference conditions, V is the reference capacity, and V is the actual capacity. The costs of the heat exchangers were calculated by using the cost functions reported in [35] . The purchased equipment cost was estimated as (A is the heat exchanger area and C are constants, depending on the type of heat exchanger):
The final cost (bare module cost) was estimated by considering the pressure and material factors, according to the procedure reported in [35] . When the electrical energy produced is not enough to cover the plant needs, electrical energy is purchased from the grid. A constant cost of 0.15 $/kWh was used. Bio-methane and electrical power surpluses are the revenues of the plant. For the first one, several selling prices were considered, whereas a selling price of 0.04 $/kWh was assumed for the second one. Therefore, the net present value (NPV) was calculated as:
where C is the capital cost of the system (CapEx), is the revenue at the i-th year, and C is the operative costs (OpEx) at the i-th year. Among the operative costs, besides the electrical energy and natural gas costs, operations and maintenance (O&M) were considered as 2.5% of the capital cost. The equations were solved by means of a Visual Basic (VBA) routine that calculates sludge temperatures after the regenerator and mixing. An iteration procedure was used to estimate the mGT power output and the exhaust gas conditions (temperature and mass flow rate) as a function of the available biogas. Starting from the exhaust gas conditions, the epsilon-NTU method was used to calculate the outlet temperature of the exhaust gas flowing in HE4 as a function of the heat required by the upgrading system. Then the amount of heat recovered by the upgrading system was estimated and the sludge outlet temperature from HE1 was calculated. A second iterative loop determined the amount of heat exchanged in HE3 to bring the sludge to the desired temperature by also considering the digesters' thermal losses. After the evaluation of these quantities, all the other variables were simply directly estimated by means of the explicit equation reported in this section.
Results

Economic Analysis
where C R is the cost in the reference conditions, V R is the reference capacity, and V is the actual capacity. The costs of the heat exchangers were calculated by using the cost functions reported in [35] . The purchased equipment cost was estimated as (A is the heat exchanger area and C i are constants, depending on the type of heat exchanger):
log 10 PEC = C 1 + C 2 log 10 A + C 3 log 10 A 2
where C o is the capital cost of the system (CapEx), R i is the revenue at the i-th year, and C i is the operative costs (OpEx) at the i-th year. Among the operative costs, besides the electrical energy and natural gas costs, operations and maintenance (O&M) were considered as 2.5% of the capital cost.
Results
As stated above, the digester requires a continuous thermal input to keep the mesophilic digestion process active. Most of the heat is due to sludge-heating and only a minor contribution is due to digester heat losses (Figure 8a) . In general, a reduction in the thermal requirements for sludge-heating corresponds with a reduction of biogas consumption in the co-generation unit and, therefore, a larger amount of biogas available for conversion into bio-methane. By using a 30 m 2 heat exchanger, it was possible to recover heat from the digestate and reduce the amount of heat required to keep the digester in temperature (Figure 8b , grey area).
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The total thermal power required by the system is related to the thermal requirement of the upgrader and the sludge-heating. The actual total load that has to be provided to the system is lower than the simple sum of the two requirements, as there is a contribution of thermal energy recovered from the upgrader. This quantity ranges between a maximum of 80 kW during winter and a minimum of 64 kW in summer (black area of Figure 9a ). During winter, when both the sludge and ambient temperatures are very low, the sum of the thermal power provided by the mGT and that recovered from the upgrading system are not sufficient to keep the sludge at the digestion temperature. Boiler integration is, therefore, necessary to operate the system (blue area of Figure 9a ). Conversely, during summer, the thermal power recovered from the upgrading system is sufficient for sludge-heating (part of the recovered thermal power dissipated during summer, as shown in Figure 9a ). In this case, the exhaust gasses from the mGT are diverted and the sludge-heating circuit is bypassed.
It is worth noting that losses (Figure 9b ) increase during the mid-season and summer period due to both the mGT diverter operation, which increases the temperature of the exhaust gas at the stack, and the dissipation of recovered thermal power in the upgrading system. The recovery efficiency of the system is therefore maximum during winter and decreases during summer (Figure 10 ). During winter, the trend is almost constant since the mass flow rate from the mGT interacts with heat exchangers (no diverter operation). By increasing the sludge and ambient temperature, the heat requirement decreases and the mGT diverter progressively increases the amount of exhaust gas that bypasses the heat exchanger and goes directly to the stack. Electrical power from the mGT and its efficiency has the same trend (Figure 11 ), as they are strictly related to the ambient temperature (the mGT is operated with a constant biogas flow rate). The total efficiency of the mGT is maximal during winter (high electrical and thermal efficiency) and minimal and almost constant during the summer period when the sludge-heating circuit is bypassed (Figure 12) .
The heat recovered from the cogeneration system is a function of the size of the upgrading unit. The lower the upgrader size, the lower the thermal power that is required for its operation and the lower the recovered thermal energy is ( Figure 13) . When bio-methane production is low, thermal energy recovery from the upgrader might not be sufficient to keep the sludge at the desired temperature during summer. By decreasing bio-methane production, the mGT fuel-input increased, with a resulting increase in both electricity and the thermal power output.
it was possible to recover heat from the digestate and reduce the amount of heat required to keep the digester in temperature (Figure 8b, grey area) . The micro-gas turbine provides thermal power to both the upgrading system and the sludgeheating circuits. Approximately 75% of the absorbed thermal power may be recovered from the upgrading unit to preheat the sludge (Figure 7) . In Figure 9a , the different components of thermal energy that contribute to sludge-heating are reported. In Figure 9b , the repartition of the mGT thermal power content is depicted. Both figures are in reference to an upgrading unit size of 180 Nm 3 /h (capital letters B, D, and E refer to the fluxes reported in Figure 7 ). The total thermal power required by the system is related to the thermal requirement of the upgrader and the sludge-heating. The actual total load that has to be provided to the system is lower than the simple sum of the two requirements, as there is a contribution of thermal energy recovered from the upgrader. This quantity ranges between a maximum of 80 kW during winter and a minimum of 64 kW in summer (black area of Figure 9a ). During winter, when both the sludge and ambient temperatures are very low, the sum of the thermal power provided by the mGT and that recovered from the upgrading system are not sufficient to keep the sludge at the digestion temperature. Boiler integration is, therefore, necessary to operate the system (blue area of Figure 9a ). Conversely, during summer, the thermal power recovered from the upgrading system is sufficient for sludge-heating (part of the recovered thermal power dissipated during summer, as shown in Figure 9a ). In this case, the exhaust gasses from the mGT are diverted and the sludge-heating circuit is bypassed. It is worth noting that losses (Figure 9b ) increase during the mid-season and summer period due to both the mGT diverter operation, which increases the temperature of the exhaust gas at the stack, and the dissipation of recovered thermal power in the upgrading system. The recovery efficiency of the system is therefore maximum during winter and decreases during summer ( Figure  10 ). During winter, the trend is almost constant since the mass flow rate from the mGT interacts with heat exchangers (no diverter operation). By increasing the sludge and ambient temperature, the heat requirement decreases and the mGT diverter progressively increases the amount of exhaust gas that bypasses the heat exchanger and goes directly to the stack. Electrical power from the mGT and its efficiency has the same trend (Figure 11 ), as they are strictly related to the ambient temperature (the mGT is operated with a constant biogas flow rate). The total efficiency of the mGT is maximal during winter (high electrical and thermal efficiency) and minimal and almost constant during the summer period when the sludge-heating circuit is bypassed ( Figure 12 ). The heat recovered from the cogeneration system is a function of the size of the upgrading unit. The lower the upgrader size, the lower the thermal power that is required for its operation and the lower the recovered thermal energy is ( Figure 13) . When bio-methane production is low, thermal energy recovery from the upgrader might not be sufficient to keep the sludge at the desired temperature during summer. By decreasing bio-methane production, the mGT fuel-input increased, with a resulting increase in both electricity and the thermal power output.
The micro-gas turbine performance has a strong influence on the entire system. If the thermal power produced by the turbine is not enough to satisfy the digester and upgrading system needs, the process is not self-sustaining, from a thermal point of view, and an external integration from an auxiliary boiler is required (fueled by natural gas). Figure 14 shows that the system is thermally selfsustaining for the whole year if the upgrading system size is below 150 Nm 3 /h, corresponding to about 64% of the biogas produced by the digester. The heat recovered from the cogeneration system is a function of the size of the upgrading unit. The lower the upgrader size, the lower the thermal power that is required for its operation and the lower the recovered thermal energy is ( Figure 13) . When bio-methane production is low, thermal energy recovery from the upgrader might not be sufficient to keep the sludge at the desired temperature during summer. By decreasing bio-methane production, the mGT fuel-input increased, with a resulting increase in both electricity and the thermal power output.
The micro-gas turbine performance has a strong influence on the entire system. If the thermal power produced by the turbine is not enough to satisfy the digester and upgrading system needs, the process is not self-sustaining, from a thermal point of view, and an external integration from an auxiliary boiler is required (fueled by natural gas). Figure 14 shows that the system is thermally selfsustaining for the whole year if the upgrading system size is below 150 Nm 3 /h, corresponding to about 64% of the biogas produced by the digester. The micro-gas turbine performance has a strong influence on the entire system. If the thermal power produced by the turbine is not enough to satisfy the digester and upgrading system needs, the process is not self-sustaining, from a thermal point of view, and an external integration from an auxiliary boiler is required (fueled by natural gas). Figure 14 shows that the system is thermally self-sustaining for the whole year if the upgrading system size is below 150 Nm 3 /h, corresponding to about 64% of the biogas produced by the digester. The high production of bio-methane requires the external integration of natural gas and minimizes both the electrical efficiency and power output (Figure 15 ), due to the part load operation of the mGT, but maximizes the recovery efficiency of the mGT and upgrading system ( Figure 16 ). For this reason, the total efficiency of the mGT is maximal for the highest sizes of the upgrading unit ( Figure 17 ). The high production of bio-methane requires the external integration of natural gas and minimizes both the electrical efficiency and power output (Figure 15 ), due to the part load operation of the mGT, but maximizes the recovery efficiency of the mGT and upgrading system ( Figure 16 ). For this reason, the total efficiency of the mGT is maximal for the highest sizes of the upgrading unit ( Figure 17) .
From an electrical point of view, both the production and consumption depend on the amount of biogas treated. Figure 18 shows the capability of the cogeneration unit to cover the electrical load. It can be observed that both the electrical energy sold to the grid and the self-consumed electrical energy decrease with the upgrading system size, due to the mGT power output decrease (a lower amount of biogas is available for the turbine). Conversely, the amount of energy bought from the grid always increases with the size of the upgrading system for two main reasons:
•
The mGT output power decreases, due to the lower amount of biogas.
The electric energy requirement of the upgrading system increases as the amount of biogas treated increases. The high production of bio-methane requires the external integration of natural gas and minimizes both the electrical efficiency and power output (Figure 15 ), due to the part load operation of the mGT, but maximizes the recovery efficiency of the mGT and upgrading system ( Figure 16 ). For this reason, the total efficiency of the mGT is maximal for the highest sizes of the upgrading unit ( Figure 17 ). From an electrical point of view, both the production and consumption depend on the amount of biogas treated. Figure 18 shows the capability of the cogeneration unit to cover the electrical load. It can be observed that both the electrical energy sold to the grid and the self-consumed electrical energy decrease with the upgrading system size, due to the mGT power output decrease (a lower amount of biogas is available for the turbine). Conversely, the amount of energy bought from the grid always increases with the size of the upgrading system for two main reasons:
• The mGT output power decreases, due to the lower amount of biogas.
• The electric energy requirement of the upgrading system increases as the amount of biogas treated increases.
To quantify the best size of the upgrading unit, an economic analysis is necessary. To generalize the outcomes of the study, the results are shown as fractions of the amount of biogas treated in the upgrading system and the total biogas production. In the case of a selling price of 0.55 $/m 3 , the optimal upgrading size is around 70% of the total biogas production. For different selling prices of bio-methane, the net present value (NPV) after 20 years, which is estimated according to Equation 7 , is reported in Figure 19 . If the bio-methane selling price is below 0.45 $/m3, the size of the upgrading system should be as low as possible. For selling prices above this threshold, the optimal upgrading size moves towards the highest value of the range considered and is around 165 Nm 3 /h (68-72% of the plant biogas production). From an electrical point of view, both the production and consumption depend on the amount of biogas treated. Figure 18 shows the capability of the cogeneration unit to cover the electrical load. It can be observed that both the electrical energy sold to the grid and the self-consumed electrical energy decrease with the upgrading system size, due to the mGT power output decrease (a lower amount of biogas is available for the turbine). Conversely, the amount of energy bought from the grid always increases with the size of the upgrading system for two main reasons:
To quantify the best size of the upgrading unit, an economic analysis is necessary. To generalize the outcomes of the study, the results are shown as fractions of the amount of biogas treated in the upgrading system and the total biogas production. In the case of a selling price of 0.55 $/m 3 , the optimal upgrading size is around 70% of the total biogas production. For different selling prices of bio-methane, the net present value (NPV) after 20 years, which is estimated according to Equation 7 , is reported in Figure 19 . If the bio-methane selling price is below 0.45 $/m3, the size of the upgrading system should be as low as possible. For selling prices above this threshold, the optimal upgrading size moves towards the highest value of the range considered and is around 165 Nm 3 /h (68-72% of the plant biogas production). To quantify the best size of the upgrading unit, an economic analysis is necessary. To generalize the outcomes of the study, the results are shown as fractions of the amount of biogas treated in the upgrading system and the total biogas production. In the case of a selling price of 0.55 $/m 3 , the optimal upgrading size is around 70% of the total biogas production. For different selling prices of bio-methane, the net present value (NPV) after 20 years, which is estimated according to Equation (7), is reported in Figure 19 . If the bio-methane selling price is below 0.45 $/m 3 , the size of the upgrading system should be as low as possible. For selling prices above this threshold, the optimal upgrading size moves towards the highest value of the range considered and is around 165 Nm 3 /h (68-72% of the plant biogas production). 
Conclusions
In this study, the integration of an upgrading system for bio-methane production in a biogas plant equipped with a cogeneration unit is investigated in detail. The anaerobic digestion plant of Viareggio has been considered as a case study. The plant produces biogas and is equipped with a cogeneration unit. A model, which considers the off-design performance of the components, has been developed and used to simulate the plant over one year, with actual ambient conditions. Different upgrading system sizes were tested to identify the optimal combination with the plant. The analysis showed the importance of sludge regeneration, to reduce the thermal power requirements of the digester and minimize the amount of external natural gas. The behavior of the cogeneration unit as a function of the upgrading size was shown: The electrical efficiency and power output of the mGT decreased with the upgrading size, whereas the recovery efficiency and total efficiency were characterized by an opposite trend. For upgrading units processing large amounts of biogas, a certain amount of natural gas is necessary to drive an auxiliary boiler, which provides the necessary thermal power for the digestion process. In addition, by increasing the upgrading size, the amount of electrical energy required by the plant increases, until the electrical energy sold to the grid is zero. The economic analysis showed that the optimal ratio between the size of the upgrading unit and the total plant production strongly depends on the bio-methane price; if the price is below 0.45 $/Nm 3 , the size should be as low as possible. Figure 19 . The net present value (NPV) after 20 years as a function of the ratio between the upgrading size and the total biogas production, for various bio-methane selling prices ($/m 3 ).
In this study, the integration of an upgrading system for bio-methane production in a biogas plant equipped with a cogeneration unit is investigated in detail. The anaerobic digestion plant of Viareggio has been considered as a case study. The plant produces biogas and is equipped with a cogeneration unit. A model, which considers the off-design performance of the components, has been developed and used to simulate the plant over one year, with actual ambient conditions. Different upgrading system sizes were tested to identify the optimal combination with the plant. The analysis showed the importance of sludge regeneration, to reduce the thermal power requirements of the digester and minimize the amount of external natural gas. The behavior of the cogeneration unit as a function of the upgrading size was shown: The electrical efficiency and power output of the mGT decreased with the upgrading size, whereas the recovery efficiency and total efficiency were characterized by an opposite trend. For upgrading units processing large amounts of biogas, a certain amount of natural gas is necessary to drive an auxiliary boiler, which provides the necessary thermal power for the digestion process. In addition, by increasing the upgrading size, the amount of electrical energy required by the plant increases, until the electrical energy sold to the grid is zero. The economic analysis showed that the optimal ratio between the size of the upgrading unit and the total plant production strongly depends on the bio-methane price; if the price is below 0.45 $/Nm 3 , the size should be as low as possible. 
